Systemic exposure to household pesticides may occur via inhalation, oral and dermal routes. For inhalation and oral routes, there are guidelines for estimating exposure (mg-pesticide/kg-bw/day) 1-4) using similar methodologies. Inhalation exposure is calculated from airborne concentration (mg-pesticide/m 3 ), breathing rate (m 3 /hr), absorption rate via inhalation (usually 100%, 5-7) 75% 8) or 50% 9) ), exposure period (hr/day), and body weight (kg-bw). Oral exposure is calculated from residue on dishes (mg-pesticide/g-food, or mg-pesticide/cm 2 -dish), quantity consumed (g-food/day, or cm 2 -dish/day) and body weight (kg-bw) 10) ; and/or from residue on hands (mgpesticide/cm 2 -hand), surface area licked (usually 20 cm 2 ), licking frequency (times/hr), saliva extraction factor (usually 50%), exposure period (hr/day) and body weight (kg-bw).
INTRODUCTION
Systemic exposure to household pesticides may occur via inhalation, oral and dermal routes. For inhalation and oral routes, there are guidelines for estimating exposure (mg-pesticide/kg-bw/day) 1-4) using similar methodologies. Inhalation exposure is calculated from airborne concentration (mg-pesticide/m 3 ), breathing rate (m 3 /hr), absorption rate via inhalation (usually 100%, 5-7) 75% 8) or 50% 9) ), exposure period (hr/day), and body weight (kg-bw). Oral exposure is calculated from residue on dishes (mg-pesticide/g-food, or mg-pesticide/cm 2 -dish), quantity consumed (g-food/day, or cm 2 -dish/day) and body weight (kg-bw) 10) ; and/or from residue on hands (mgpesticide/cm 2 -hand), surface area licked (usually 20 cm 2 ), licking frequency (times/hr), saliva extraction factor (usually 50%), exposure period (hr/day) and body weight (kg-bw). 2) Dermal exposure is more challenging to estimate, especially during the post-application phase, because it varies more widely with age, activity, and pesticide use. The US EPA method for estimating dermal exposure uses surfaces-tobody transferable residue (mg-pesticide/cm 2 -surface), transfer coefficients for specific activities (cm 2 -surface/hr), exposure period and body weight. 1, 2) With the EPA method, transferable residue does not take account of repeated application, and the transfer coefficient does not take account of the clothes effects; estimates using the method are quite conservative compared to actual measured values. 11, 12) In the present study, the EPA method was modified by incorporating measurements of floor residue into the estimation of dermal exposure.
Floor residue characteristics were investigated for the pyrethroid prallethrin [(S)-2-methyl-4-oxo-3-(2-propynyl)-cyclopent-2-enyl (1R)-cis-trans-chrysanthemate], delivered through an electric vaporizer of the type commonly used in homes for mosquito control. Floor residue was measured in three ways: distribution after one day (12 hr) of evaporation, a time-dependent profile during 30 days of evaporation, and amount of transferable residue over time on various floor materials (tatami, carpet, wood).
MATERIALS AND METHODS

Floor Residue Distribution after 12 hr of Evaporation (Experiment 1)
The floor of a typical Japanese residential room ( Fig. 1) was covered with bleached cotton sheets that were pre-washed with n-hexane and dried at ambient temperature, as shown in Fig. 2 . The shape of the treated room (3.6 m Lϫ2.7 m Wϫ 2.4 m H) was the same as previously reported. 13) As the air exchange rate of a typical room without occupants has been consistently measured at about 0.5/hr, 14) a recent Japanese government guideline uses this rate as the worst-case scenario for measuring the pesticide concentration in indoor air. 15) When a room is occupied, the authors believe the worst-case scenario should be higher, and a rate of 1.5/hr [ϭ25.5 m 3 / hr/personϫ(90%ϩ50%)persons/(3.6ϫ2.7ϫ2.4 m
3 )] has been used to represent a room when a woman and infant are present, 13) based on a fresh air requirement of more than or equal to 25.5 m 3 /hr/person to prevent respiratory infection and an offensive accumulation of body odors. 16) An electric vaporizer placed in the center of the floor, about 60 cm from the inlet, dispersed a 0.87% (w/w) liquid formulation containing prallethrin for 12 hr. The average amount of the formulation evaporated during 12 hr was 1.01 g, derived by weighing the formulation before and after use in 45 replications.
Collection of the sheets was initiated after 11.5 hr of evaporation and continued for about 2 hr. Each sheet was picked up with sterile tongs and placed in a glass jar that was covered with aluminum foil, then capped and sealed and stored at Ϫ20°C. All of the sheets were analyzed within 14 days (Table 1) .
During the experiment the average air exchange rate, room temperature and relative humidity were 1.58/hr, 26°C and 29%, respectively. No natural sunlight or other illumination was provided except incidentally when the sheets were collected.
Floor Residue Levels during Prolonged Daily Evaporation (Experiment 2)
Time-dependent floor residue levels were measured over a 30-day evaporation period in summer, in a tatami-floored room ( Fig. 1) with the walls and ceiling covered with polyvinyl chloride (T-AA121 vinyl-coated cloth, Sangetsu Co.
). An electric vaporizer placed in the center of the floor, about 60 cm from the inlet, dispersed a 0.91% (w/w) liquid formulation containing prallethrin for 12 hr each day (6 pm to 6 am). The room was lit by an electric lamp from 7 to 10 am and 6 to 11 pm daily, and by natural sunlight through two windows. Several pieces (5ϫ5 cm) of tatami material were placed near the center of the floor. These pieces were removed periodically at 5:30 pm in order to minimize the influence of the door opening and closing for the sampling. All of the pieces were collected with sterile tongs, wrapped in aluminum foil, stored at Ϫ20°C, and analyzed within 40 days (Table 1) .
During the 30 days a total of 31.8 g of the liquid formulation containing prallethrin was evaporated, at an average rate of 9.65 mg of prallethrin per day. The average air exchange rate, room temperature and relative humidity were 1.52/hr, 25Ϯ0.58°C and 70Ϯ4.7%, respectively. Room illumination was strongest (920Ϯ1080 lux) between 10 am to 5 pm due to the summer sunlight.
Transferable Floor Residues (Experiment 3)
This experiment was performed in a small chamber (1.2 m Lϫ1.2 m Wϫ2.4 m H) made of steel poles and polyvinyl chloride sheeting, and wooden flooring coated with polyurethane resin (Color Floor Mirage, Daiken Co.). The chamber was neither lighted nor ventilated except incidentally while sampling. The electric vaporizer was placed on the floor at the center of the chamber, and several strips of floor materials were positioned on the floor around the vaporizer (Fig. 3 ). The floor materials tested were tatami, wood identical to the chamber floor, and carpet (KB-5289 bulked continuous-filament nylon, Kawashima Textile Manufactures). Each strip was 80ϫ10 cm with a 5ϫ5 cm section at the center that could be removed to analyze the floor residue wiped. For the wood strip, each removable section consisted of a top layer (about 1 mm thick) and a bottom layer (about 11 mm thick), and only the top layer was used to assess surface residue. The vaporizer was operated for a 12-hr period each day, and wipe tests were conducted immediately after each day's evaporation, over periods of one day, two days, three days, five days and seven days.
For each wipe test, designed to simulate contact by a walking or crawling infant, a denim pad (8ϫ10 cm) was temporarily attached to a box (8ϫ8ϫ8 cm) weighing 4.2 kg and was dragged a total of 120 cm along two strips (60 cm/strip). 13) In some cases the wipe test was performed on the same strips three times in a row, to evaluate transfer efficiency when a human touches the same treated area several times. After completion of the final sampling in each test, the room was cleaned using paper wipers dipped in methanol, and the strips of floor materials were replaced.
The denim pads and the removable sections of the wiped flooring strips were collected after wiping, stored at Ϫ20°C, and analyzed within approximately one week after collection ( Table 1) . The storage recovery test was not conducted for the carpet or wood because their high antioxidant contents were assumed to have stabilized the residues. In all of the tests, the evaporated amount of the liquid formulation containing prallethrin was 0.86Ϯ0.09 g per 12 hr.
RESULTS AND DISCUSSION
Floor Residue Distribution after 12 hr of Evaporation (Experiment 1)
The distribution of prallethrin on the floor after evaporation is shown in Fig. 2 , with the cotton sheets covering 27% (2.65 m 2 ) of the floor area. Residue amounts in the non-determined area can be inferred from those in the determined area Vol. 29, No. 4, 313-321 (2004) Residential Dermal Exposure to Prallethrin from an Electric Vaporizer 315 because of the symmetry to the plane including the air inlet and outlet and the vaporizer. The amount of residue around a line that includes the air inlet, air outlet and vaporizer was relatively high because the main airflow entered from the air inlet set at the lower position, then flowed above the electric vaporizer, moved near the floor and went up along the wall, as demonstrated by a fluid dynamics model.
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17)
The total amount of residue on all of the sheets was 64.9 mg and hence the average amount was 24.5 mg/m 2 . The amount of pesticide evaporated for 12 hr was 8.79 mg, or 1.01 g of the 0.87% (w/w) liquid formulation containing prallethrin. Thus the portion of prallethrin present on the floor after evaporation was 2.7% [ϭ0.0245 mg/m 2 ϫ(2.7ϫ3.6 m 2 )/8.79 mgϫ100].
Floor Residues during Prolonged Daily Evaporation (Experiment 2)
The amount of residue on the floor during prolonged periodic evaporation, shown in Fig. 4 , is assumed to be greater than normal, because the pieces used for measurements were placed near the center of the floor where levels were higher than those in other areas as discussed above. The amount increased with each 12-hr evaporation, reaching a plateau at around the sixth day. The time-weight average amount on the floor was 114 mg/m 2 during the 30-day evaporation period. Although the measurements fluctuated due to the room airflow, the behavior of floor residues can be theoretically described as follows: During the first evaporation [tϭ0 to 0.5 days], the time-dependent amount of floor residue R(t) is expressed as:
where E (mg/m 2 /day) is the residue deposition rate, and k (/day) is the residue degradation rate. The floor residue after the end of the first evaporation [tϭ0.5 day] is R(0.5)ϭ (E/k) · (1Ϫe Ϫk/2 ). The behavior thereafter until the second evaporation [tϭ0.5 to 1 day] is expressed with only the degradation process as: .5) . Because the amount immediately after the nth evaporation with intervals of one day is equal to R(0.5) multiplied by (1Ϫe Ϫkn )/(1Ϫe Ϫk ), 18) the floor residue amount for the nth evaporation during tϭ(nϪ1) to (nϪ0.5) days is given by:
The floor residue amount for the nth evaporation during tϭ(nϪ0.5) to n days is given by:
The measurements were fitted to the above equations using Microsoft Excel ® . The calculated values of E and k were 81.8 mg/m 2 /day and 0.295/day, with a Pearson's correlation coefficient r of 0.802. The theoretical curve is plotted as a hairline in Fig. 4 .
Transferable Floor Residues (Experiment 3)
Multiple wipe
The following equations introduced by the authors for the first, second and third wipes yield the transfer efficiency TE (%) of prallethrin: TEϭ100a/(aϩbϩcϩ0.096M), TEϭ100b/ (bϩcϩ0.096M), and TEϭ100c/(cϩ0.096M), where a, b and c (mg) are the amount of residue in the denim pad after the first, second and third wipes, M (mg/m 2 ) is the average amount remaining on the wiped floor strips after the third wipe, and 0.096 (m 2 ) is the area wiped with each denim pad. Table 2 summarizes the results from multiple wipes of similar treated areas on the three floor materials. In all cases the transfer efficiency decreased with time, on average to 89% of the first-wipe value for the second wipe and to 78% of the first-wipe value for the third-wipe, indicating that each successive contact with a treated surface leads to a diminished amount of residual transferable prallethrin.
3.2. Single-wipe For transfer efficiency in the single-wipe tests: TEϭ100d/ (dϩ0.096N), where d (mg) is the amount of residue on the denim pad, and N (mg/m 2 ) is the average amount remaining in a strip after one wipe. Figure 5 summarizes the variation with time of average transfer efficiencies for the first wipe, based on results of both the single and multiple wipe tests. Initial transfer efficiencies measured immediately after a 12-hr evaporation were 1.51% for tatami, 0.485% for carpet and 0.371% for wood. It should be noted that the decrease with time does not result from degradation of prallethrin on the floor because the degradation has been included in the equation for transfer efficiency, hence the profiles do not follow a first-order kinetic equation (e.g., the r of the fitting curve was 0.625 for tatami).
An equation to express the fitting curve was developed taking into consideration the mechanistic behavior of chemicals on floor materials. diffusion constant of the chemical. 19) In contrast, the amount of residue transferred to the denim pad was determined by the constant weight applied as the pad contacted the floor, and hence the pressure-related depth h (m) is constant for each material. When the denim pad contacts the floor under pressure, therefore, the diffusion depth of the chemical with regard to transference phenomena is h/2(D c · t) 0.5 . This indicates that the decrease of transfer efficiency can be expressed by the function of time t Ϫ0.5 . Higher r values (0.920 for tatami, 0.982 for carpet and 0.942 for wood) were derived when TE(t) was obtained from TE(t)ϭi · (1ϩj · t) Ϫ0.5 . The specific equations follow.
The curves are shown as hairlines in Fig. 5 .
EXPOSURE ESTIMATIONS
From the above results, the authors estimated residential dermal exposure, with a realistic worst-case scenario reflecting current assessment knowledge. We used these methodological principles: First, taking into account the special circumstances of children (whose behavior and physiognomy are not those of small adults) and pregnant women, estimates were made for these Japanese residential sub-groups: one-year-old infants, six-year-old children, females of reproductive age (15-49), and male adults . Second, taking a 95th percentile or higher level of dermal exposure (i.e., 5% or less of the exposure exists above that number) as the "reasonable worst case", 4) 3) The exceptions are body weight and surface area of body parts, for which mean values were used in light of the US EPA estimation algorithm. 1) Third, two routes of dermal exposure were considered: direct exposure from contaminated air, and indirect exposure from contact with contaminated objects such as tables, chairs, toys or the floor.
The realistic worst-case scenario for prallethrin exposure was defined as continuous daily use of an electric vaporizer for three months of a year (i.e., 90 times the 12-hr evaporation in a year). The exposure levels during that period were compared to the intermediate-term dermal endpoints, namely the no-observed-adverse-effect level (NOAEL) of the compound, 30 mg/kg-bw/day, taken from a 21-day dermal study on rats using the US EPA evaluation. 20) This endpoint is based on clinical signs (trembling, fixation, abnormal gait, sensitivity to external stimuli, vocalization, twitching and writhing spasms) and decreased body weight gain observed at 150 mg/kgbw/day.
TE t for wood flooring t ( )
. / ϭ ϩ 5 01 1 457
TE t for carpet t ( )
. / ϭ ϩ 9 73 1 1020
TE t for tatami t ( )
. / . ϭ ϩ 2 68 1 4 56
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Estimation of Indirect Exposure
Indirect exposure levels were estimated by multiplying transferable residue by the transfer coefficient. The transfer coefficient (cm 2 /hr) was determined by dividing the room occupant's hourly chemical exposure (mg/hr) by the amount of transferable residue (mg/cm 2 ), which can be derived from other sources as noted in studies by Ross et al. 21, 22) The transferable residue was determined by multiplying residue amount by transferable efficiency. All these calculations follow US EPA SOP.
1,2)
As worst-case data, we used the floor residue level from Experiment 2 and the first-wipe transferable residue level from Experiment 3, for the following reasons: 1) room occupants come in contact mainly with the floor and with furniture that has residue levels similar to the floor; 2) floor residues in Experiment 2 were higher than for the whole floor in Experiment 1; and 3) transfer efficiency was higher for the first wipe than for the second or third.
The first modification introduced by the authors is the procedure for estimating time-dependent transferable residue during prolonged periodic application. After just one evaporation, transferable residue TR(t) from tϭ0 to 1 day is calculated by multiplying the floor residue by the transfer efficiency, TR(t)ϭR(t) · TE(t)/100. However, TR(t) for multiple evaporations does not follow the same equation because the floor permeation depth is different for the first and second evaporations. Transferable residue during the second evaporation [tϭ1 to 1. 5 
days] is the sum of the values for the first and second evaporations: TR(t)ϭ(E/k)(1Ϫe
Ϫk/2 )e Ϫk(tϪ0.5) ·
TE(t)/100ϩ(E/k)(1Ϫe
Ϫk(tϪ1) ) · TE(tϪ1)/100, and transferable residue thereafter until the start of the third evaporation [tϭ1.
to 2 days] is TR(t)ϭ(E/k)(1Ϫe
)e Ϫk(tϪ0.5) ·
TE(t)/100ϩ(E/k)(1Ϫe
Ϫk/2 )e Ϫk(tϪ1.5) · TE(tϪ1)/100. Thus time dependent transferable residue during the nth evaporation for tϭ(nϪ1) to (nϪ0.5) days is derived as follows:
TR(t)ϭ(E/k)(1Ϫe
Ϫk/2 )e Ϫk(tϪ0.5) ϫTE(t)/100 и и и и и и и и и и и и и и и и и и и и и и и и1st evaporation ϩ(E/k)(1Ϫe Ϫk/2 )e Ϫk(tϪ1.5) ϫTE(tϪ1)/100 и и и и и и и и и и и и и и и и и и и и и и и и2nd evaporation ϩ и и и ϩ(E/k)(1Ϫe Ϫk/2 )e Ϫk(tϪnϩ1.5) ϫTE(tϪnϩ2)/100 и и и и и и и и и и и и и и и и и и и и и и и и(n-1)th evaporation ϩ(E/k)(1Ϫe Ϫk(tϪnϩ1) )ϫTE(tϪnϩ1)/100 и и и и и и и и и и и и и и и и и и и и и и и иnth evaporation After the nth evaporation, the transferable residue for tϭ(nϪ0.5) to n days is derived by:
Ϫk/2 )e Ϫk(tϪ0.5) ϫTE(t)/100 и и и и и и и и и и и и и и и и и и и и и и и и1st evaporation ϩ(E/k)(1Ϫe Ϫk/2 )e Ϫk(tϪ1.5) ϫTE(tϪ1)/100 и и и и и и и и и и и и и и и и и и и и и и и и2nd evaporation ϩ и и и ϩ(E/k)(1Ϫe Ϫk/2 )e Ϫk(tϪnϩ1.5) ϫTE(tϪnϩ2)/100 и и и и и и и и и и и и и и и и и и и и и и и и(nϪ1)th evaporation ϩ(E/k)(1Ϫe Ϫk/2 )e Ϫk(tϪnϩ0.5) ϫTE(tϪnϩ1)/100 и и и и и и и и и и и и и и и и и и и и и и и иnth evaporation For tatami flooring, the time-dependent transferable residue was calculated using Eϭ81.8 mg/m 2 /day, kϭ0.295/day (DT 50 ϭ5.7 days), and TE(t) with iϭ2.68 and jϭ4.56. For carpet and wood flooring, the worst-case DT 50 of prallethrin was assumed to be 100 days, based on values of 13 to 75 days for d-tetramethrin and d-phenothrin on wood flooring and wall paper 13, 23) (longer than the DT 50 of 5.9Ϯ5.0 days on foliage for pyrethroids 24) because the room materials have a high antioxidant content). During the seven-day evaporation period, the level of residue on tatami approached a plateau, while levels on carpet and wood kept increasing due to the long DT 50 (Fig. 6 [A] ). A similar profile was observed for the estimated transferable residues, but the level on tatami was far higher than that on carpet or wood in the range of zero to seven days of periodic evaporation (see [B] and [C] in Fig. 6 ). The 75th percentile of transferable residues calculated for the 90-day evaporation period was 1.24, 1.18 and 0.909 mg/m 2 for tatami, carpet and wood, respectively.
The second modification introduced by the authors, drawing on the Ross studies, 21, 22) is the use of 75th-percentile transfer coefficients for each sub-group of room occupants wearing minimum clothing, rather than the average values for naked occupants in the EPA methodology. Ross et al. conducted post-application exposure monitoring in which a choreographed Jazzercise TM routine was performed by adult volunteers following indoor total-release aerosol fogging with a formulation containing chlorpyrifos and d-trans alletherin. The duration of the routine was approximately 20 min, and monitoring was done at zero, six and 12.5 hr post-application. The residue transferable from the carpet to percale using the CDFA carpet roller was also determined at the same times. The duplicate volunteers wore fresh dosimeter clothing which was analyzed. Generic body partspecific transfer factors (cm 2 -floor/cm 2 -body) were calculated, based on body-part surface areas, 14) for each sampling time (see equation in note b) of Table 3 ). There was little variation in transfer factors at zero, six and 12.5 hr post-application, or between the F-test results for chlorpyrifos and d-trans allethrin.
The 75th-percentile transfer factor values are shown in Table 3 . Although Ross' 20-min exercise routine was intended to represent a person's day-long (16 hr) contact with pesticide-treated surfaces in a home, 11) the US EPA exposure assessment procedure equates such a routine to just 4 hr of typical activity. 25) According to the EPA procedure, we estimated the hourly transfer factors for the upper and lower body, hands and feet respectively as 0.727, 0.764, 3.10 and 3.74 cm 2 -floor/cm 2 -body/hr. Transfer coefficients (cm 2 -floor/hr) for Japanese were derived as explained in note e) of Table 4 . Room occupants were assumed to wear sleeveless shirts, short pants and no shoes, socks, or gloves, and body surface areas were determined from height and weight distributions and other data 14, [26] [27] [28] (Table 4) . A transition rate of 3.43% for the area covered with clothes was the 75th percentile value found in Yang's tests, 29) which used crocking tests of water-wet and perspiration-wet silk to simulate skin rubbing against contaminated clothing. Therefore, the worst-case transfer coefficients, derived from two 75th percentile values of transition rate and body-specific transfer factor, were 3330, 5500, 10,500 and 12,200 cm 2 /hr respectively for one-year-olds, six-year olds, females of reproductive age, and adult males (Table 4) . Accordingly, indirect dermal exposures during the 90-day evaporation period were estimated as stated in note a) of Table 5 , with an exposure duration of 8 hr per day in accord with the US EPA recommendation.
2) Among the population sub-groups, the estimated exposure levels were highest for one-year-olds, and among floor materials the exposures were highest with tatami and lowest with wood (Table 5 ).
Estimation of Direct Exposure
There is no guidance to estimate direct dermal exposure from an electric vaporizer, and hence the authors propose a methodology (see equation in note b) of Table 5 ). The deposition rate from Experiment 2 (Eϭ3.41 mg/m 2 /hr) was used to estimate the exposure, assuming that deposited prallethrin had not degraded on a covered or uncovered surface. The ratio of body deposition to floor deposition was estimated as 0.27 cm 2 -floor/cm 2 -body, based on the 75th percentile value derived from a mannequin study 30) in which deposition on the mannequin was 23.1Ϯ4.9% of deposition on floor paper when sprayed from 85°below the horizontal plane with a Campbell Hausfeld spray gun positioned above and in front of the mannequin. The body surface areas for deposition data were determined as in note f) of Table 4 , with a 100% transition rate for uncovered areas and 3.43% for covered areas. Daily exposure was set to 12 hr as the worst-case scenario, being equal to the maximum operating period of the electric vaporizer.
Direct dermal exposure did not depend on floor materials, and was similar to the indirect exposure level for tatami. Table 5 also shows dermal margins of exposure (MOE), obtained by dividing dermal NOAEL by dermal exposure levels. Noting the US EPA evaluation of an FQPA safety factor of 1 for prallethrin to protect infants and children, 20) we concluded that there is reasonable certainty that no harm would result from dermal exposure to residues of prallethrin from an electric vaporizer. Although inhalation and oral Vol. 29, No. 4, 313-321 (2004) Residential Dermal Exposure to Prallethrin from an Electric Vaporizer 319 
